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The designed antimicrobial peptide KIGAKIKIGAKIKIGAKI possesses enhanced membrane selectivity for bacterial lipids, such as
phosphatidylethanolamine and phosphatidylglycerol. The perturbation of the bilayer by the peptide was first monitored using oriented bilayer
samples on glass plates. The alignment of POPE/POPG model membranes with respect to the bilayer normal was severely altered at 4 mol%
KIGAKI while the alignment of POPC bilayers was retained. The interaction mechanism between the peptide and POPE/POPG bilayers was
investigated by carefully comparing three bilayer MLV samples (POPE bilayers, POPG bilayers, and POPE/POPG 4/1 bilayers). KIGAKI induces
the formation of an isotropic phase for POPE/POPG bilayers, but only a slight change in the 31P NMR CSA line shape for both POPE and POPG
bilayers, indicating the synergistic roles of POPE and POPG lipids in the disruption of the membrane structure by KIGAKI. 2H NMR powder
spectra show no reduction of the lipid chain order for both POPG and POPE/POPG bilayers upon peptide incorporation, supporting the evidence
that the peptide acts as a surface peptide. 31P longitudinal relaxation studies confirmed that different dynamic changes occurred upon interaction of
the peptide with the three different lipid bilayers, indicating that the strong electrostatic interaction between the cationic peptide KIGAKI and
anionic POPG lipids is not the only factor in determining the antimicrobial activity. Furthermore, 31P and 2H NMR powder spectra demonstrated a
change in membrane characteristics upon mixing of POPE and POPG lipids. The interaction between different lipids, such as POPE and POPG, in
the mixed bilayers may provide the molecular basis for the KIGAKI carpet mechanism in the permeation of the membrane.
© 2006 Elsevier B.V. All rights reserved.Keywords: KIGAKI; Antimicrobial activity; Membrane selectivity; Electrostatic interaction; Lipid/lipid interaction; Carpet mechanism1. Introduction
Antimicrobial peptides were discovered in a wide range of
species as organisms offensive or defensive system [1,2]. TheseAbbreviations: KIGAKI, KIGAKIKIGAKIKIGAKI-NH2; POPC, 1-Palmi-
toyl-2-oleoyl-3-sn-glycero-3-phosphocholine; POPG, 1-Palmitoyl-2-oleoyl-3-
sn-glycero-3-[phospho-rac-1-glycerol]; POPE, 1-Palmitoyl-2-oleoyl-sn-gly-
cero-3-phosphoethanolamine; POPC-d31, 1-Palmitoyl-d31-2-oleoyl-3-sn-gly-
cero-3-phosphocholine; POPG-d31, 1-Palmitoyl-d31-2-oleoyl-3-sn-glycero-3-
[phospho-rac-1-glycerol]; HEPES, N-[2-hydroxyethyl] piperazine-N′-[2-etha-
nesulfonic acid]; TFE, 2,2,2, trifluoroethanol; EDTA, ethylenediamine tetra-
acetic acid; Fmoc, N-(9-fluorenyl)methoxycarbonyl; HPLC, high performance
liquid chromatography; CP, cross-polarization; MAS, magic angle spinning;
MLVs, multilamellar vesicles; LUVs, large unilamellar vesicles; T1, longitudinal
relaxation time
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doi:10.1016/j.bbamem.2006.02.002membrane-active peptides permeate the cell membrane and
cause the death of target cells. Antimicrobial peptides have
potential application as antibiotics in the health care and
preservatives in the food industry [3]. However, the toxicity of
these natural-occurring antimicrobial peptides to not only
microorganisms but also eukaryotic cells has made it important
to design novel antimicrobial peptide with higher efficacy [3].
KIGAKI was designed to form a highly amphipathic β-sheet
structure when bound to lipids [4,5]. The absence of cysteine
residues precludes the formation of either inter- or intramolec-
ular disulfide bonds to stabilize the secondary structure.
Previous data indicated that the antimicrobial activity of
KIGAKI was better than PGLa and (KLAGLAK)3-NH2 and
suggested that KIGAKI had enhanced selectivity between
bacterial and mammalian lipids [4]. A solid-state NMR
relaxation study confirmed that the electrostatic interaction
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membrane is very critical for the function of KIGAKI [6].
Although the electrostatic interaction between the peptide and
POPG is one important factor for the peptide to fulfill its
activity, the various lipid composition of the membranes is
believed to be another modulating factor for antimicrobial
activity [7,8]. Mammalian and bacterial cell membranes have
different membrane compositions. The neutral zwitterionic lipid
POPC is a major component of mammalian cell membranes
[9,10], while another zwitterionic phospholipid POPE with a
smaller headgroup is the main lipid component of bacterial
membranes. POPG is an anionic lipid commonly found in
bacterial plasma membranes [10,11]. The conformation of the
KIGAKI peptide and its activity are different in various
membranes [4]. Therefore, the functional and structural roles
of these lipids (POPC, POPE, and POPG) upon interaction with
KIGAKI become very important.
Numerous biophysical studies have been conducted on the
interaction between antimicrobial peptides and membranes
[12]. These studies have revealed two major mechanisms: (1)
the barrel-stave mechanism in which peptides insert into the
hydrophobic core of the membrane and form transmembrane
pores [13,14] and (2) the carpet or the detergent-like mechanism
in which peptides bind onto the surface of the membrane and
cause membrane leakage when the peptide threshold concen-
tration is reached [14,15]. An intermediate step before the
membrane disruption may include the formation of transmem-
brane channels, referred as “toroidal pores” [3,7,11,16].
Previously, a carpet mechanism was proposed to describe the
interaction between KIGAKI and POPC/POPG membranes. In
this paper, solid-state NMR spectroscopy was utilized to
decipher the interaction mechanism of the KIGAKI peptide
with a variety of different membranes. Four model membrane
systems consisting of POPC bilayers, POPC/POPG (4/1)
bilayers, POPE bilayers, and POPE/POPG (4/1) bilayers were
investigated to mimic mammalian and bacterial membranes and
to examine the function of anionic lipids upon interaction
between KIGAKI and the membrane. The effects of KIGAKI
towards the alignment of the four different model membrane
systems were compared. The alignment of POPE/POPG model
membranes was severely deteriorated upon association of the
peptide while the alignment of POPC membranes was barely
altered at the same peptide concentration.
The perturbation of POPE/POPG MLV bilayers to KIGAKI
was investigated using 31P and 2H solid-state NMR spectros-
copy. 31P NMR spectroscopy reveals information on the
interaction between KIGAKI and the lipids headgroup.
Meanwhile, 2H NMR spectroscopy using acyl chain deuterated
phospholipids can demonstrate the peptide influence in the
bilayer hydrophobic interior. 31P NMR relaxation measure-
ments were used to probe the dynamic characteristics of the
lipid headgroup upon interaction with the KIGAKI peptide. The
longitudinal relaxation time T1 is sensitive to lipid motions in
the nanosecond-to-microsecond time scale, which includes the
polar lipids headgroup fast conformational change and
rotational motions [17]. The experimental results suggest a
toroidal pore mechanism upon KIGAKI interaction with POPGMLVs and a carpet mechanism upon KIGAKI interaction with
POPE/POPG MLVs. The synergistic role of POPE and POPG
lipids upon interaction with KIGAKI is discussed.
2. Material and methods
2.1. Material
POPC, POPE, POPG, POPC-d31 and POPG-d31 were purchased from
Avanti Polar Lipids (Alabaster, AL) and used without further purification. All
phospholipids were dissolved in chloroform and stored at −20 °C prior to use.
Deuterium-depleted water was obtained from Isotec (Miamisburg, OH).
HEPES, TFE and EDTA were obtained from Sigma/Aldrich (St. Louis, MO).
The antimicrobial peptide KIGAKI was synthesized using Fmoc chemistry by
ResGen (Huntsville, AL). The crude peptides were purified by reverse-phase
HPLC. The purity of the peptide (>95%) was checked by reverse-phase HPLC
and electrospray mass spectrometry (data not shown). Microscope cover glasses
(8.5×14 mm) were purchased from Marienfeld Laboratory Glassware
(Germany).
2.2. NMR sample preparation
Mechanically aligned membranes were prepared using a procedure
described previously [18]. The peptide was dissolved in a small amount TFE
(≈50 μl) and mixed with an appropriate amount of phospholipids in chloroform.
If needed, 10 mol% of deuterated lipids with respect to the total phospholipids
amount was added. The solution was spread onto glass plates (∼1.4 mg lipids/
plate) and allowed to air-dry. The glass plates were then placed in a desiccator
under vacuum overnight to remove any residual solvents. The dried sample was
directly hydrated using deuterium-depleted water 2 μl/plate, stacked and placed
in a humidity chamber consisting of saturated ammonium monophosphate at a
relative humidity of about 93% at 45 °C for 1 day. The glass plates were
wrapped in Parafilm and sealed in polyethylene bags to prevent sample
dehydration during data acquisition.
MLV samples were prepared according to a previously reported procedure
[19]. The phospholipids mixture (0.1 mmol) was first dried under a steady
stream of N2 gas for ∼30 min to remove the organic solvent. The deuterated
lipids represented 20 mol% of the total phospholipids. The sample was then left
under a high vacuum desiccators overnight. MLVs were formed by resuspension
of the dry lipids in 190 μL HEPES buffer (5 mM EDTA, 20 mM NaCl, and
30 mM HEPES, pH 7.0) with frequent vortexing to homogenize the sample.
Samples were then allowed to sit in a warm water bath (50 °C) for 20 min.
Bilayer samples with peptides were prepared by mixing the peptides in a
minimal amount of TFE solvent with phospholipids in chloroform followed with
the same procedure described above.
2.3. NMR spectroscopy
All experiments were recorded on a Bruker Avance 500MHzWB solid-state
NMR spectrometer. A static double-resonance flat-coil probe (Doty) was used
for oriented-membrane experiments. Unoriented membrane samples were
studied using a 4 mm triple resonance CPMAS probe (Bruker). 31P static
NMR spectra were acquired at 202.4 MHz using either a single pulse or a spin-
echo pulse with proton decoupling. The 31P NMR spectra were referenced by
assigning the 85% H3PO4
31P peak to 0 ppm. 2H static NMR experiments were
performed at 76.77 MHz using a quadrupolar echo pulse sequence. The 90°
pulses used for 31P and 2H were 5.0 μs, 4.1 μs for the flat coil probe and 4.0 μs,
3.0 μs for the CPMAS probe, respectively. Powder-type 31P NMR spectra of
POPE/POPG MLV samples incorporated with 4 mol% peptide were simulated
using two components with the DMFIT program [20]. Each component is
defined to have its distinctive 31P line shape and/or CSA width. Here, one
component is the isotropic component and the other component has an axially
symmetric line shape. Powder-type 2H NMR spectra of multilamellar
dispersions of POPG-d31 were deconvoluted (dePaked) using the algorithm of
McCabe and Wassall [21]. The spectra were deconvoluted such that the bilayer
normal was parallel with respect to the direction of the static magnetic field. The
2H order parameters SCD were calculated according to the equation: SCD
i =Δνi/
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the ith carbon of the POPG acyl chain, and e2qQ/h is the quadruple coupling
constant (168 kHz for deuteron in C–D bonds) [22,23]. The order parameters of
the methyl groups at the end of the acyl chain were given the value of 3 times as
the calculated SCD [22].
31P T1z longitudinal relaxation experiments were
conducted using an inversion-recovery pulse sequence 180°–T–90°–acquire
with 4 kHz sample spinning at the magic angle [24]. The delay time (T) was
varied from 10.0 ms to 6.0 s, with a recycle delay of 10 s. The change of the
isotropic peak area was fitted to a single exponential function: I(t)= I(0)−Aexp
(−t/T1), where I(0) is close to 1 and A is about 2. The error of the 31P T1 value is
within ±10 ms by averaging 31P T1 values of the samples with same composition
but from the different preparations.
3. Results
3.1. KIGAKI perturbation of the oriented model membranes
The membrane alignment of four different bilayer systems is
displayed in Fig. 1 utilizing 31P NMR spectroscopy on
mechanically aligned samples. The peptide concentration varied
from 0 mol% to 4 mol% with respect to the total phospholipids.
The alignment of the bilayers was studied in both orientations
with the alignment axis parallel (left) or perpendicular (right) to
the static magnetic field. In the absence of KIGAKI, the 31P
NMR spectrum of the four bilayers exhibited a predominant
peak at ∼30 ppm for the parallel orientation and ∼−15 ppm for
the perpendicular orientation, indicating that all the lipids are
well aligned.
The addition of KIGAKI up to 4 mol% did not significantly
disturb the bilayer alignment for the POPC bilayers (Fig. 1A).
The linewidth of the peak was only slightly increased in the
presence of KIGAKI when compared to the control sample.
However, at the same peptide concentration, POPC/POPG
bilayers were perturbed (Fig. 1B). A broad peak showed up at
the 90° edge for the parallel alignment spectrum, indicating that
the orientation of the lipids was distributed. This result was also
confirmed by the POPC/POPG 31P spectrum at the perpendic-
ular orientation, where the 31P chemical shift spans from
∼28 ppm to ∼−15 ppm at 4 mol% KIGAKI, indicating
perturbed bilayers at several orientations. The perturbation of
KIGAKI on POPE bilayers was similar to that on POPC/POPG
bilayers (Fig. 1C). The addition of KIGAKI caused the 31P 0°
edge peak to shift slightly with an increase in the distribution of
the 31P chemical shift. POPE/POPG bilayers experienced the
most significant disturbance upon association with KIGAKI
(Fig. 1D). For the parallel alignment spectrum, the 90° edge
peak intensity is even higher than that of 0° edge peak and the
high absorption spans the entire chemical shift range at 4%
KIGAKI.
Since 31P NMR spectra only reflect the perturbation of the
peptide to the lipid headgroup, 2H NMR studies on membranes
with acyl chain deuterated lipids were also carried out to probe
the changes that occur in the hydrophobic part of the
membranes. Fig. 2 shows 2H NMR spectra of (A) POPC/
POPC-d31, (B) POPC/POPC-d31/POPG and (C) POPE/POPG/
POPG-d31 bilayers. The spectra exhibit multiple splittings that
correspond to different methylene groups and methyl group
along the lipids sn-2 chains. The largest splittings result from
the groups close to the glycerol backbone with a high molecularordering. The smaller splittings originate from the mobile chain
with lower molecular orderings. The 2H NMR spectra of all
three control bilayers are well-resolved with the largest
quadrupolar splitting about 62 kHz for the parallel alignment
spectra and ∼31 kHz for the perpendicular aligned spectra.
For the POPC bilayers, the 2H spectral resolution was
maintained with only a slight decrease in the quadrupolar
splittings at 4 mol% KIGAKI (Fig. 2A). This is consistent with
the results obtained from POPC 31P NMR spectra, indicating a
minimal perturbation of KIGAKI into POPC bilayers. The
orientational disorder effect caused by KIGAKI was further
studied using POPC/POPG (Fig. 2B) and POPE/POPG (Fig.
2C) bilayers. Thus, both samples contain anionic POPG lipids.
At 1 mol% KIGAKI, the 2H spectral resolution of POPC/POPG
sample decreases slightly. At 4 mol% KIGAKI, the spectral
resolution decreases significantly. The parallel alignment
spectrum displays an increase in the signal intensity of the
small splittings. The significant 2H NMR line shape changes for
the mixed POPC/POPG bilayer, but not for the POPC bilayers
suggest an important role for the charged POPG lipids upon
interaction with KIGAKI. For POPE/POPG bilayers, the 2H
NMR spectra resolution deteriorates severely upon incorpora-
tion of the peptide for both the parallel and perpendicular
orientation. Combined with the 31P NMR study results, POPE/
POPG is the most vulnerable membrane subject upon
interaction with the antimicrobial peptide KIGAKI.
3.2. The interaction of KIGAKI with POPE/POPG bilayers
To understand the individual roles of POPE lipids and POPG
lipids upon interaction of KIGAKI with POPE/POPG bilayers,
31P and 2H NMR studies were applied on MLV samples of
POPE, POPG and binary POPE/POPG bilayers, respectively.
The 31P NMR spectra of POPE MLVs are shown in Fig. 3A.
The 31P CSA spans from around 32 ppm to −18 ppm. The
addition of 4 mol% KIGAKI did not alter the 31P CSA line
shape. Only one axially symmetric CSA component was needed
to simulate the line shape of the POPE 31P NMR spectrum at
4 mol% KIGAKI (Fig. 3D). Fig. 3B displays the 31P NMR
spectrum that probes the interaction between the cationic
peptide and the anionic POPG bilayers. The 31P CSA span of
POPG (26 ppm to −15 ppm) is much smaller than that of POPE.
Surprisingly, the association of KIGAKI to the negative charged
bilayer surface did not cause a significant change in the 31P
NMR line shape. Only one 31P CSA component was needed to
simulate the spectrum (Fig. 3E). The effect of KIGAKI on
mixed binary POPE/POPG bilayers is displayed in Fig. 3C. The
mixed bilayers with 80% POPE and only 20% POPG exhibit a
CSA span (26 ppm to −16 ppm) much smaller than that of
POPE and close to that of POPG. The 31P CSA line shape of the
lipids in the liquid-crystalline phase reflects an axially
symmetric motion of lipids. The orientation and the additional
wobbling motion of the lipid headgroup with respect to the
molecular axis determine the 31P CSA span [25–27]. This result
suggests that the minor POPG component plays a pivotal role in
the mixed bilayer lipid headgroup orientation and molecular
motions. The association of 4 mol% KIGAKI with POPE/
Fig. 1. 31P NMR spectra of oriented bilayer samples showing the perturbation of KIGAKI on the lipid headgroup as a function of KIGAKI concentration in different
bilayers (A) POPC, (B) POPC/POPG (4/1), (C) POPE, (D) POPE/POPG (4/1). The alignment axis was either parallel (left column) or perpendicular (right column) to
the magnetic field. The spectra were taken at 30 °C for the POPC, POPC/POPG, POPE/POPG bilayers. The spectra of POPE bilayers were taken at 37 °C. At these
temperatures, the spectra were optimally aligned.
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increase of intensity around 0 ppm. The powder pattern
spectrum can be deconvoluted into two components with an
anisotropic component contributing 60% to the total spectrumFig. 2. 2H NMR spectra of oriented bilayer samples showing the perturbation of KIG
different bilayers (A) POPC, (B) POPC/POPG (4/1), (C) POPE/POPG (4/1). POPC-d3
hydrophobic interior of the membranes in POPC and POPC/POPG bilayers while PO
(left column) or perpendicular (right column) to the magnetic field.area and an isotropic component representing the remainder
40% (Fig. 3F). Considering little change in the 31P NMR line
shape for POPE and POPG bilayers upon the association of
KIGAKI, this result indicates that the peptide can cause aAKI on the lipid acyl chain as a function of KIGAKI concentration at 30 °C in
1 was used as the chain deuterated lipids to probe the KIGAKI perturbation in the
PG-d31 was used in POPE/POPG bilayers. The alignment axis was either parallel
Fig. 3. 31P NMR powder type spectra of MLV samples exhibiting the effect of KIGAKI on the 31P spectra line shape for three different bilayers (A) POPE, (B)
POPG, (C) POPE/POPG at 30 °C. The solid line represents the control spectra and the dashed line represents the spectra of bilayers at 4 mol% KIGAKI on the left
column. The corresponding simulated data representing 31P NMR spectra of (D) POPE bilayers, (E) POPG bilayers and (F) POPE/POPG bilayers in the presence
of KIGAKI are displayed on the right column. Two components were needed to simulate the spectrum of (F) POPE/POPG bilayer with one isotropic component
contributing 40%±1% (dotted line) and another anisotropic component 60%±1% (dash line) to the total spectrum area. The error range was estimated so that the
best fit of the spectra was obtained at these values.
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neutral POPE lipids and anionic POPG lipids.
The interference of KIGAKI with the membrane hydropho-
bic core was investigated using 2H NMR powder pattern spectra
(Fig. 4A and B). POPG bilayers have a smaller spectral width
than POPE/POPG bilayers, suggesting less molecular ordering
and/or faster acyl chain motion when compared to POPE/POPG
bilayers. The corresponding lipid's molecular order parameters
are shown in Fig. 4C. The mixing of 80% POPE phospholipids
to 20% POPG bilayers significantly increases the ordering of
the bilayer lipids. The 2H quadrupolar splittings are also
increased upon incorporation of KIGAKI to POPG bilayers,
whereas the addition of 4 mol% KIGAKI to POPE/POPG
bilayers is not accompanied by any changes in the 2H
quadrupolar splittings. A decrease in the lipids 2H quadrupolar
splitting upon incorporation of the peptide suggests disordering
of the lipids. No disordering effects for the lipid acyl chains
were observed after the peptide was added to both POPG and
POPE/POPG bilayers, suggesting that the peptide did not
penetrate inside the bilayers. An isotropic component is
exhibited for POPE/POPG bilayers at 4 mol% KIGAKI. Thisis consistent with the 31P NMR powder pattern spectra studies,
where the POPE/POPG bilayer phase is disintegrated into two
species by the peptide KIGAKI.
3.3. 31P NMR relaxation study of lipids headgroup dynamics
The 31P longitudinal relaxation time T1 is sensitive to fast
lipid headgroup rotational motions [17]. Lipid headgroup
dynamics for POPE, POPG and binary POPE/POPG bilayers
were examined using 31P NMR longitudinal relaxation
inversion-recovery pulse scheme at various temperatures.
Using magic angle spinning, two resolved resonances were
observed around 0 ppm for the binary POPE/POPG bilayers
(Fig. 5, inset). At 25 °C, the control POPE/POPG bilayers
exhibit two 31P isotropic peaks at −0.12 ppm and 0.38 ppm for
POPE and POPG respectively. The addition of 4 mol%
KIGAKI shifted the POPE isotropic peak to −0.18 ppm and
the POPG isotropic peak to 0.23 ppm with a slight increase in
line broadening. Similar isotropic peak shifts were also
observed for POPE and POPG bilayers with a single lipid
component when the peptide was added to the MLVs sample.
Fig. 4. 2H NMR powder spectra of MLV samples at 25 °C showing the effect of KIGAKI on the membrane hydrophobic interior for two bilayers (A) POPE/POPG (B)
POPG bilayers. POPG-d31 was used here as the deuterium probe. The corresponding molecular order parameters of the individual groups along the lipid acyl chains
were obtained by dePakeing the 2H NMR spectra (C).
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sensitive to the surface charge density. An upfield peak shift is
consistent with a decrease in the negative surface charge density
of the membrane upon interaction with KIGAKI [28,29].
Careful analysis of the spectra indicates that both POPE and
POPG lipids experience a slight shift in the isotropic peak of the
binary POPE/POPG bilayers. These small shifts are a
manifestation of the interaction between POPE and POPG
headgroups in the mixed bilayers, which was also indicated by
the POPE/POPG 31P powder spectra.
The 31P T1 values as a function of temperature for different
bilayers are summarized in Fig. 5. The POPE and POPG lipids
31P T1 (∼800 ms at 25 °C) are very close for the three control
bilayer samples. The 31P T1 increases as the temperature
increases from 25 °C to 45 °C. The 31P longitudinal relaxation
time T1 is related to the correlation time (τc) of fast molecular
motion according to 1/T1∝τc/(1+ω02τc2), where ω0 is the
Larmor frequency [27,30]. If the molecular correlation time fits
the equation ω0τc≅1, the relaxation mechanism is mostefficient, and the T1 relaxation time is at the minimum
[27,30]. The correlation time moving away from the 1/ω0
point would cause an increase in the T1 value. Temperature is a
factor that modulates the molecular correlation time. In this
case, the continuous increase in the 31P T1 relaxation time above
25 °C indicate the lipid's minimum T1 for these control samples
would be lower than 25 °C. This is typical for phospholipids in
hydrated bilayers [27,30].
The incorporation of 4 mol% KIGAKI enhanced the spin-
lattice relaxation and decreased the 31P T1 for all the three
bilayer samples. For the POPE lipids, the 31P T1 of the bilayers
are reduced to around 700 ms, and the T1 value slightly
decreases when the temperature increases. In POPG bilayers,
the 31P T1 decreases to around 600 ms at 25 °C and the
reduction of T1 increases significantly as the temperature
increases. At 45 °C, the POPG 31P T1 is approximately 200 ms.
These results suggest that a minimum T1 would occur at higher
temperatures where the molecular correlation time τc is equal to
1/ω0. For the binary POPE/POPG bilayers, the POPE
31P T1
Fig. 5. 31P longitudinal relaxation time (T1) as a function of temperature for (A) POPE and POPG bilayers (B) POPE/POPG bilayers. The open symbol represents the
31P T1 of the control sample while the solid symbol represents the
31P T1 of the bilayers with 4 mol% KIGAKI. The dotted line represents the bilayers with single lipid
component POPE or POPG and the solid line represents the binary mixed POPE/POPG bilayer sample. The experimental error was within ±10 ms by averaging 31P T1
values of the samples with same composition but from the different preparations. The isotropic peak positions of the three bilayer samples at 4 kHz MAS are shown in
the inset.
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reduced to 583 ms at 25 °C in the presence of 4 mol% KIGAKI.
Meanwhile, the relaxation time remains consistent as the
temperature increased. These results suggest that different
dynamic changes of lipid headgroups occurred for the three
bilayers upon association of 4% KIGAKI.
4. Discussion
Previous studies have indicated that compared to the
antimicrobial peptide magainin and PGLa, a lower KIGAKI
peptide concentration is needed to inhibit the bacterial growth
while a higher peptide concentration is required to cause
hemolysis [4,5]. Meanwhile, the studies on the mimetic
phospholipids bilayer membranes exhibit that the antimicrobial
peptide KIGAKI exhibits high lytic activity against membranes
mainly composed of POPE and lower lytic activity against
POPC membranes [4,5]. Studying KIGAKI membrane selec-
tivity will provide fundamental information in the design of
novel, high efficacy antimicrobial peptides.
The alignment of four bilayer model membranes was
compared first. The KIGAKI perturbation to POPC bilayers is
finite, while the perturbation to POPC/POPG is moderate. The
different effect of KIGAKI on these two bilayers can be
attributed to the presence of the negatively charged POPG lipids
in POPC/POPG bilayers. Comparing the alignment changes of
POPE bilayers and POPE/POPG bilayers, the similar PG lipids
effect can be observed. In general, the bilayers containing POPE
lipids are more susceptible to the presence of KIGAKI than the
bilayers containing POPC lipids. The alignment perturbation by
KIGAKI is more significant for POPE and POPE/POPG
bilayers. The KIGAKI membrane selectivity manifested hereseems very interesting, however, the molecular mechanism of
these specific peptide–membrane interactions is still not
understood.
4.1. The KIGAKI–POPE interaction mechanism
POPE is major component of bacterial membranes. The
interaction between KIGAKI and POPE bilayers are displayed
in Fig. 3A using phospholipid bilayer powder pattern spectra.
The incorporation of KIGAKI to POPE bilayers only introduced
a slight change in the 31P CSA line shape, indicating minimal
activity of KIGAKI with pure POPE bilayers. In addition,
the 31P spin-lattice relaxation time indicated a more efficient
relaxation mechanism of POPE lipids in the presence of
KIGAKI, suggesting that a dynamic change occurs in the
POPE bilayers. The 31P spin-lattice relaxation time had been
previously used to study the KIGAKI–POPC interaction [6].
The 31P T1 remained the same upon addition of KIGAKI to the
POPC bilayers. 31P NMR data on the same KIGAKI–POPC
powder sample indicated a change in the 31P CSA line shape.
These results agree with the bilayer alignment perturbation study
in this paper, which indicates that the interaction between
KIGAKI and POPC bilayers is very weak. Therefore, the
KIGAKI–POPE interaction is stronger than the KIGAKI–
POPC interaction.
KIGAKI caused a distribution in the POPE lipid headgroup
orientation on glass plates at 4 mol% concentration. However,
the incorporation of KIGAKI to POPE MLVs at the same
concentration only introduced a slight change in the 31P CSA
line shape. The inconsistency may reflect a fundamental
difference in the methods used to study these two membranes.
The oriented bilayer results on glass plates are complicated by
1311J. Lu et al. / Biochimica et Biophysica Acta 1758 (2006) 1303–1313additional factors such as the ability of each individual lipid to
align on the glass plates. Furthermore, the hydration levels in
the two samples are different. The MLV samples used here
(∼70% water relative to the total sample weight) have more
water content than the mechanically aligned samples (usually
30–50% water by weight, FT-IR [31,32]). Thus, the difference
in hydration levels of these two bilayers may contribute to the
perturbation difference observed in POPE bilayers by the
addition of KIGAKI.
4.2. The KIGAKI–POPG interaction mechanism
POPG is a negatively charged phospholipid. The electro-
static interaction between the cationic peptide and the anionic
lipids is important for the peptide to form the proper secondary
structures [4]. Previous reports indicate an essential role of
POPG in the function of KIGAKI causing a membrane phase
separation and leakage [4,6]. Unexpectedly, the interaction
between 4 mol% KIGAKI and pure POPG bilayers did not
introduce any significant 31P CSA line shape changes from the
control sample (Fig. 3B).
Meanwhile, in POPG lipids, the 31P T1 was reduced
significantly in the presence of 4 mol% KIGAKI. The reduction
of 31P T1 as a function of temperature suggests a minimum T1
would be at a higher temperature where the molecular
correlation time τc=1/ω0. Since the Larmor frequency of the
magnetic field is fixed, the 31P T1 study proposes a much slower
molecular rotation and a much longer correlation time of POPG
lipids for POPG/KIGAKI sample. 2H order parameter results
indicate that the lipids acyl chain displays a higher molecular
ordering and/or a slower molecular motion of POPG upon the
addition of the peptide KIGAKI. This result agrees with the 31P
T1 study on the lipid headgroups. One KIGAKI peptide
molecule has six positive charged lysine residues. Upon
interaction with POPG bilayers, the peptide forms a β-sheet
structure, flanking with all six positive charges on one side [4].
The interaction between the peptide and the lipids, mainly the
electrostatic interaction, could bring the lipids closer together
and/or cause rearrangement in the conformation of the lipids.
Therefore, both the lipid headgroups and the lipid acyl chains
exhibit restricted molecular motions. In conclusion, although
KIGAKI disturbs the lipids molecular motion, and causes the
leakage of the bilayers [4], the POPG lipids bilayer phase
remains.
4.3. The KIGAKI–POPE/POPG interaction mechanism
POPE/POPG is the most vulnerable model membrane
against the antimicrobial peptide KIGAKI. The alignment of
the bilayer on glass plates was significantly perturbed by
KIGAKI. The 31P and 2H spectra line shape changes are similar
to those induced by a cyclic antimicrobial peptide RTD-1
observed in Hong's group [9]. They propose that the
micrometer-diameter lipid cylinders are formed in anionic
membranes upon interaction with the antimicrobial peptide. The
curvature stress introduced by RTD-1 may play a role in
antimicrobial activity. The similar membrane curvature strainchanges were also noticed in the research of other antimicrobial
peptide such as LL-37 [11] and MSI-78 [33]. However,
previous study on KIGAKI using differential scanning
calorimetry on DiPOPE vesicles indicates a minor increase in
the bilayer-to-hexagonal phase transition temperature [4].
Therefore, it is still under debate as to whether the change in
the membrane curvature strain is important in membrane
breakage upon interaction with KIGAKI. Moreover, the results
obtained from the interaction with DiPOPE bilayers may not be
able to generalize to other bilayers with different membrane
compositions.
The interaction between KIGAKI and POPE/POPG bilayer
was further investigated using POPE/POPG MLVs. The 31P
spectrum CSA of control POPE/POPG bilayers is close to that
of POPG bilayers, but significantly different from that of POPE
bilayers. Several papers have reported that the charged additives
to the membrane can alter the lipid 31P CSA and isotropic peak
position significantly [25,26,34]. In this case, the negative
charge on the POPG headgroup would probably move the N+
end of POPE headgroup towards the membrane, causing a
downshift tilt. The orientational change of the POPE headgroup
would probably induce a CSA change [25].
2H NMR spectra of POPE/POPG bilayers exhibit larger
quadrupolar splittings than that of pure POPG bilayers.
Therefore, although the POPE lipid headgroup was easily
affected by the charged molecules, the POPE lipids acyl chain
possess a higher molecular ordering, which was indirectly
demonstrated by POPG-d31 lipids distributed evenly within the
POPE/POPG bilayers. Considering POPE lipids have a higher
phase transition temperature (24 °C) than POPG (−4 °C), the
experiment on POPE/POPG bilayers was also carried out in
different temperatures (from 25 °C to 45 °C). 31P and 2H NMR
data indicate an axially symmetry powder pattern spectrum
(comparable to Figs. 3 and 4), indicating that the POPE/POPG
bilayers are in the liquid-crystalline phase for all these
temperatures.
Different from POPE or POPG bilayers, the association of
KIGAKI to POPE/POPG binary mixed bilayers induced a big
change in the 31P spectrum line shape (Fig. 3C). Two phases
were observed, corresponding to a CSA component and an
isotropic component (Fig. 3F). An isotropic component was
also superimposed in a series quadrupolar splittings in POPE/
POPG 2H NMR spectrum in the presence of 4 mol% KIGAKI.
The isotropic component could be micelles or small vesicles,
which have very fast tumbling motion. No molecular order
parameter changes along the lipid acyl chain upon incorporation
of the peptide, suggesting that the peptide did not penetrate
inside the bilayer membranes. This is consistent with a carpet
mechanism in the breakage of the membranes [15].
Obviously, although electrostatic interaction is very
important in the interaction between KIGAKI and POPG
lipids, it alone is not enough to cause a bilayer phase change.
The 31P T1 relaxation study of POPE/POPG bilayers
indicates a similar T1 value for the two individual POPE
and POPG lipids, suggesting that the two lipids have similar
dynamic changes in the interaction with the peptide. POPG
lipids were not preferentially selected in the interaction. This
1312 J. Lu et al. / Biochimica et Biophysica Acta 1758 (2006) 1303–1313is different from our previous study on the interaction
between KIGAKI and the POPC/POPG bilayers, where the
preference of KIGAKI to interact with POPG lipids was
inferred [6]. However, both the study on the aligned bilayer
sample and previous activity assays indicate that KIGAKI has
selectivity against mixed bilayers in the presence of POPE
lipids [4,5]. Therefore, the higher antimicrobial activity
would depend on more than electrostatic interaction between
the peptide and the POPG lipids. Both POPE and POPC
lipids are zwitterionic lipids, but POPE lipid has a smaller
headgroup than POPC lipid. This would probably make the
interaction between the cationic peptide and the negatively
charged phosphate group in the POPE lipids easier, especially
with the help of POPE headgroup tilting in the addition of
POPG. The capability of relatively stronger interaction
between KIGAKI and POPE lipids than that between
KIGAKI and POPC lipids was also supported by the 31P
T1 and the bilayer alignment perturbation study on POPE and
POPC bilayers. Since POPE lipids have very different
dynamics from POPG lipids, indicated by significantly
different 31P CSA values and the ordering of lipids acyl
chain, the phase separation of POPG lipids from POPE lipids
in the binary POPE/POPG bilayers would be observable. No
POPE and POPG phase separation was indicated after the
addition of KIGAKI into the POPE/POPG bilayers. The
isotropic species exhibited by 31P and 2H NMR spectra
would likely consist of both POPE and POPG lipids in a
similar proportion as the POPE/POPG bilayer component.
Alternatively, the electrostatic interaction between the anti-
microbial peptide and the POPG lipids in the mixed bilayers
is so strong that one would expect the cationic peptide to pull
the anionic lipids close together to form a relatively separate
domain. This was not the case, suggesting that the
electrostatic interaction between the peptide and POPG is
not so strong, and probably is comparable to the interaction
between the peptide and POPE lipids, as suggested by similar
POPE and POPG 31P T1 relaxation changes (Fig. 5B).
Therefore, the comprehensive interactions among the mem-
branes including the lipid/lipid interaction and the interactions
between the peptide and different lipids must be considered
to understand the KIGAKI antimicrobial mechanism.
For the pure POPG bilayers, the membrane leakage can exist
without the formation of the micelles or small vesicles. This
suggests a different mechanism from the carpet mechanism,
more consistent with a toroidal pore mechanism [11,16,33]. The
KIGAKI peptide interacts with different membranes utilizing a
variety of mechanisms. The different mode of action on
different lipids was also observed on other lytic peptides, such
as melittin [35,36]. For the mixed POPE/POPG bilayers, our
results suggest that KIGAKI interacts with both POPE and
POPG lipids in a similar fashion. In our last report, KIGAKI
preferred to interact with POPG lipids in the mixed POPC/
POPG bilayers [6]. For both the mixed bilayers, the carpet
mechanism is implied in the interaction between KIGAKI and
membranes. Probably, the mixed bilayer is more fragile. The
lipids interact with each other at the headgroup region by
electrostatic interaction or hydrogen bonding, etc., forming acomplex network to stabilize the bilayers. Upon introduction of
KIGAKI to the mixed bilayer, the interactions between the
peptide and the lipids would decrease the connectivity among
the lipids and permeate the membranes. This is likely the
molecular basis of the KIGAKI carpet mechanism.
Acknowledgements
This work was supported by an NSF CAREER Award
(CHE-0133433) and a National Institutes of Health grant
GM60259-01 to GAL and AI047165-02 to JB. The 500 MHz
wide-bore NMR spectrometer was obtained from a National
Science Foundation grant 10116333.
References
[1] H. Boman, Antibacterial peptides: key components needed in immunity,
Cell 65 (1991) 205–207.
[2] H. Boman, Peptide antibiotics and their role in innate immunity, Annu.
Rev. Immun. 13 (1995) 61–92.
[3] J.P. Bradshaw, Cationic antimicrobial peptides, issues for potential clinical
use, BioDrugs 17 (2003) 233–240.
[4] J. Blazyk, R. Wiegand, J. Klein, J. Hammer, R.M. Epand, R.F. Epand, W.
L. Maloy, U.P. Kari, A novel linear amphipathic beta-sheet cationic
antimicrobial peptide with enhanced selectivity for bacterial lipids, J. Biol.
Chem. 276 (2001) 27899–27906.
[5] Y. Jin, H. Mozsolits, J. Hammer, E. Zmuda, F. Zhu, Y. Zhang, M.I. Aguilar,
J. Blazyk, Influence of tryptophan on lipid binding of linear amphipathic
cationic antimicrobial peptides, Biochemistry 42 (2003) 9395–9405.
[6] J.X. Lu, K. Damodaran, J. Blazyk, G.A. Lorigan, Solid-state NMR
relaxation studies of the interaction mechanism of antimicrobial peptides
with phospholipid bilayer membranes, Biochemistry 44 (2005)
10208–10217.
[7] Y. Shai, Z. Oren, From “carpet” mechanism to de-novo designed
diastereomeric cell-selective antimicrobial peptides, Peptides 22 (2001)
1629–1641.
[8] K. Matsuzaki, K. Sugishita, N. Ishibe, M. Ueha, S. Nakata, K. Miyajima,
R.M. Epand, Relationship of Membrane curvature to the formation of
pores by magainin 2, Biochemsitry 37 (1998) 11856–11863.
[9] J.J. Buffy, M.J. McCormick, S. Wi, A.J. Waring, R.I. Lehrer, M. Hong,
Solid-state NMR investigation of the selective perturbation of lipid
bilayers by the cyclic antimicrobial peptide RTD-1, Biochemistry 43
(2004) 9800–9812.
[10] M. Yorek, Biological distribution, in: G. Cevc (Ed.), Phospholipids
Handbook, Marcel Dekker, Inc., New York, 1993, pp. 745–776.
[11] K.A.H. Wildman, D.K. Lee, A. Ramamoorthy, Mechanism of lipid bilayer
disruption by the human antimicrobial peptide, LL-37, Biochemistry 42
(2003) 6545–6558.
[12] Z. Oren, Y. Shai, Mode of action of linear amphipathic alpha-helical
antimicrobial peptides, Biopolymers 47 (1998) 451–463.
[13] k. He, S.J. Ludtke, H.W. Huang, D.L. Worcester, Antimicrobial peptide
pores in membranes detected by neutron in-plane scattering, Biochemistry
34 (1995) 15614–15618.
[14] N. Papo, Y. Shai, Exploring peptide membrane interaction using surface
plasmon resonance: differentiation between pore formation versus
membrane disruption by lytic peptides, Biochemsitry 42 (2003) 458–466.
[15] B. Bechinger, Detergent-like properties of magainin antibiotic peptides: A
31P solid-state NMR spectroscopy study, Biochim. Biophys. Acta 1712
(2005) 101–108.
[16] K.J. Hallock, D.K. Lee, J. Omnaas, H.I. Mosberg, A. Ramamoorthy,
Membrane composition determines pardaxin's mechanism of lipid bilayer
disruption, Biophys. J. 83 (2002) 1004–1013.
[17] A. Watts, Solid-state NMR approaches for studying the interaction of
peptides and proteins with membranes, Biochim. Biophys. Acta, Rev.
Biomembr. 1376 (1998) 297–318.
1313J. Lu et al. / Biochimica et Biophysica Acta 1758 (2006) 1303–1313[18] E.K. Tiburu, E.S. Karp, P.C. Dave, K. Damodaran, G.A. Lorigan,
Investigating the dynamic properties of the transmembrane segment of
phospholamban incorporated into phospholipid bilayers utilizing 2H
and 15N solid-state NMR spectroscopy, Biochemistry 43 (2004)
13899–13909.
[19] P.C. Dave, E.K. Tiburu, K. Damodaran, G.A. Lorigan, Investigating
structural changes in the lipid bilayer upon insertion of the
transmembrane domain of the membrane-bound protein phospholamban
utilizing P-31 and H-2 solid-state NMR spectroscopy, Biophys. J. 86
(2004) 1564–1573.
[20] D. Massiot, F. Fayon, M. Capron, I. King, S. Le Calvé, B. Alonso, J.-O.
Durand,B.Bujoli,Z.Gan,G.Hoatson,Modellingone- and two-dimensional
solid state NMR spectra, Magn. Reson. Chem. 40 (2002) 70–76.
[21] M.A. McCabe, S.R. Wassall, Fast-fourier-transform depaking, J. Magn.
Reson., Ser. B 106 (1995) 80–82.
[22] J.X. Lu, M.A. Caporini, G.A. Lorigan, The effects of cholesterol on
magnetically aligned phospholipid bilayers: a solid-state NMR and EPR
spectroscopy study, J. Magn. Reson. 168 (2004) 18–30.
[23] P.C. Dave, E.K. Tiburu, N.A. Nusair, G.A. Lorigan, Calculating order
parameter profiles utilizing magnetically aligned phospholipid bilayers for
H-2 solid-state NMR studies, Solid State Nucl. Magn. Reson. 24 (2003)
137–149.
[24] F. Aussenac, M. Laguerre, J.M. Schmitter, E.J. Dufourc, Detailed structure
and dynamics of bicelle phospholipids using selectively deuterated and
perdeuterated labels. H-2 NMR and molecular mechanics study, Langmuir
19 (2003) 10468–10479.
[25] D.J. Semchyschyn, P.M. Macdonald, Conformational response of the
phosphatidylcholine headgroup to bilayer surface charge: torsion angle
constraints from dipolar and quadrupolar couplings in bicelles, Magn.
Reson. Chem. 42 (2004) 89–104.
[26] P.G. Scherer, J. Seelig, Electric charge effects on phospholipid
headgroups—Phosphatidylcholine in mixtures with cationic and anionic
amphiphiles, Biochemistry 28 (1989) 7720–7728.[27] T.J.T. Pinheiro, A. Watts, Resolution of individual lipids in mixed
phospholipid-membranes and specific lipid cytochrome-c interactions by
magic-angle- spinning solid-state P-31 Nmr, Biochemistry 33 (1994)
2459–2467.
[28] F. Lindstrom, M. Bokvist, T. Sparrman, G. Grobner, Association of
amyloid-beta peptide with membrane surfaces monitored by solid state
NMR, Phys. Chem. Chem. Phys. 4 (2002) 5524–5530.
[29] F. Lindstrom, P.T.F. Williamson, G. Grobner, Molecular insight into the
electrostatic membrane surface potential by 14N/31P MAS NMR
spectroscopy: nociceptin–lipid association, J. Am. Chem. Soc. 127
(2005) 6610–6616.
[30] T.J.T. Pinheiro, A. Watts, Lipid specificity in the interaction of
cytochrome-c with anionic phospholipid-bilayers revealed by solid-state
P-31 Nmr, Biochemistry 33 (1994) 2451–2458.
[31] S. Yamaguchi, T. Hong, A. Waring, R.I. Lehrer, M. Hong, Solid-state
NMR investigations of peptide–lipid interaction and orientation of a
ss-sheet antimicrobial peptide, protegrin, Biochemistry 41 (2002)
9852–9862.
[32] S. Yamaguchi, D. Huster, A. Waring, R.I. Lehrer, W. Kearney, B.F. Tack,
M. Hong, Orientation and dynamics of an antimicrobial peptide in the lipid
bilayer by solid-state NMR spectroscopy, Biophys. J. 81 (2001)
2203–2214.
[33] K.J. Hallock, D.K. Lee, A. Ramamoorthy, MSI-78, an analogue of the
magainin antimicrobial peptides, disrupts lipid bilayer structure via
positive curvature strain, Biophys. J. 84 (2003) 3052–3060.
[34] J.S. Santos, D.K. Lee, A. Ramamoorthy, Effects of antidepressants on the
conformation of phospholipid headgroups studied by solid-state NMR,
Magn. Reson. Chem. 42 (2004) 105–114.
[35] A.S. Ladokhin, S.H. White, ‘Detergent-like’ permeabilization of anionic
lipid vesicles by melittin, Biochim. Biophys. Acta, Biomembr. 1514
(2001) 253–260.
[36] S. Rex, G. Schwarz, Quantitative studies on the melittin-induced leakage
mechanism of lipid vesicles, Biochemistry 37 (1998) 2336–2345.
